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Abstract: High-throughput drug screening of patient-derived organoids offers an attractive
platform to determine cancer treatment efficacy. Here, selective plane illumination microscopy
(SPIM) was used to determine treatment response in organoids with endogenous fluorescence
from the metabolic coenzymes NAD(P)H and FAD. Rapid 3-D autofluorescence imaging of
colorectal cancer organoids was achieved. A quantitative image analysis approach was developed
to segment each organoid and quantify changes in endogenous fluorescence caused by treatment.
Quantitative analysis of SPIM volumes confirmed the sensitivity of patient-derived organoids to
standard therapies. This proof-of-principle study demonstrates that SPIM is a powerful tool for
high-throughput screening of organoid treatment response.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Patient-derived organoids are 3-D cultures, generated from fresh tumor samples, that capture
phenotypic and genetic features of the original tumor while better recapitulating patient drug
sensitivity compared to 2-D cultures [1,2]. Therefore, patient-derived organoids are an emerging
platform for personalized high-throughput drug screens [3-5]. A single patient biopsy can
generate tens to hundreds of organoids, permitting parallelized drug testing of standard therapies,
drug combinations, and emerging treatments. However, existing high content, or information-
rich approaches for organoid drug screens (e.g., immunofluorescence, RNAseq) are either low
throughput, destructive, or both. Functional imaging of organoids could provide insight into early
molecular changes with drug treatment, but relies on exogenous labels (e.g., antibodies, dyes,
transfection with a fluorescent protein) that are difficult to implement on primary patient-derived
cells. Additionally, dyes and antibody labels rely on 3-D diffusion for a uniform signal from all
cells. Prolonged exposure to some dyes can also result in cellular toxicity, prohibiting long-term
assessment. Conversely, high throughput approaches including plate reader assays and brightfield
or epifluorescence microscopy are constrained by limited metrics to differentiate treatment
response including viability and changes in organoid diameter, respectively [6,7]. Techniques
like brightfield microscopy, epifluorescence microscopy, and plate readers lack optical sectioning
and spatial specificity to assess the 3D morphology and function of organoids. These limitations
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point to a need for label-free volumetric imaging of molecular features in organoids to more
accurately assess changes in morphology and function with treatment response.

Cancer therapies often alter cellular metabolism either through direct targeting of metabolic
pathways or as an early functional change before cell death. Fluorescence from metabolic
co-enzymes NAD(P)H and FAD have been used to quantify dynamic changes in tumor cell
metabolism [8—12] as an early marker of drug efficacy in vivo and in organoids [13—15]. The
redox ratio, defined as the fluorescence intensity of NAD(P)H divided by the fluorescence
intensity of FAD, is a well-studied metric of electron transfer rate and metabolic activity that
does not require exogenous stains or dyes [16-20]. Notably, redox imaging is not amenable to
resolving mechanisms of drug action but it can be combined with complementary measures such
as proteomics, genomic sequencing, or metabolomics to resolve these mechanisms [21-23]. The
fluorescence from NAD(P)H is indistinguishable from that of NADH, and will be referred to
collectively as NAD(P)H. Many previous studies were performed using multiphoton microscopy
to enable near-infrared excitation of these endogenous molecules, with the caveat of relatively
low-throughput imaging due to the speed limit of raster scanning a 3-D volume [16,24-26].

Selective plane illumination microscopy (SPIM) operates by illuminating a single plane within
the sample using a thin sheet of excitation light while fluorescence emission from this plane
is collected by an orthogonally arranged objective. Like multiphoton microscopy, SPIM only
excites fluorescence in the plane of interest, which provides optical sectioning and reduces
out-of-plane phototoxicity [27,28]. Most notably, SPIM can image volumes more rapidly than
multiphoton microscopy, and previous studies have imaged large numbers of organoids labeled
with exogenous fluorescent markers [29-31]. To date, no studies have investigated label-free
SPIM. SPIM also allows for simultaneous imaging of hundreds of organoids, which dramatically
increases throughput when combined with fast imaging speeds.

Here, we present a study combining label-free contrast from NAD(P)H and FAD with SPIM’s
rapid volumetric recording capabilities to image entire patient-derived organoids and quantitatively
assess response to standard cancer therapies. Organoids were imaged at a rate of ~0.2 s/organoid
that ranged in diameter between 100-300 um. NAD(P)H and FAD volumes were imaged with an
average time of ~5 seconds per channel. We also demonstrate a novel shell-based segmentation
algorithm to quantify organoid autofluorescence and the optical redox ratio from the surface
to the core of each organoid. The ability to assess the metabolic state and 3-D morphological
features of patient-derived organoids in a high-throughput framework offers exciting possibilities
for improving drug screening and precision medicine.

2. Methods

2.1. Patient-derived organoid preparation and sample mounting

Cancer organoids were grown from a patient-derived metastatic colon cancer using a previously
described protocol [32]. We adapted a standard FEP tube embedding protocol for organoid
culture with Matrigel to culture several organoids for later evaluation with SPIM [33]. Organoids
were singularized with 0.25% Trypsin, mixed with Matrigel at a 1:1 ratio, and allowed to grow
for 12 days within modified FEP tubes and given modified DMEM/F12 media supplemented with
Whnt-conditioned media from murine L-cells [Fig. 1(a)]. Modified FEP tubes were created from
standard FEP tubes (1.6 mm/2.6 mm inner diameter/outer diameter, respectively, ProLiquid) cut
to lengths of 3.5 cm. These smaller tubes were cut in half lengthwise to allow Matrigel droplets
to be placed inside the FEP tube and fully exposed to feeding media and treatments. Each FEP
tube was placed in a 1.5 mL Eppendorf tube to fully submerge each Matrigel droplet within the
feeding media [Fig. 1(b)]. This method enables multiple Matrigel droplets, each with tens of
organoids, to be placed in each tube [Fig. 1(c)].

After the initial growth period of 12 days, organoids were treated with media infused with
standard therapies for colorectal cancer including either 10-uM 5-fluorouracil (5-FU, thymidylate
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Fig. 1. Patient-derived organoid culture in modified FEP tubes for selective plane illumina-
tion microscopy. (a) Modified FEP tube with cut-out for easy organoid culture in Matrigel
droplets. (b) Organoids were cultured in a 1.5 mL Eppendorf tube submerged in feeding
media. (c) Image of organoids growing in FEP tube. (d) Diagram of excitation (blue arrow)
and emission (green arrow) illustrating selective plane illumination of Matrigel droplets.

synthase inhibitor), 40-uM Oxaliplatin (DNA synthesis inhibitor), or a combination of both
treatments. Organoids were grown in treated media for 48 hours before imaging.

2.2. Immunofluorescence

Organoids were grown in a 24-well glass bottom dish for 12 days, then treated with either 10-uM
5-FU, 40-uM oxaliplatin, or a combination of both treatments. After 48 hours, organoids were
rinsed in phosphate buffered saline (PBS) and fixed for 30 minutes in 4% paraformaldehyde
(VWR). Fixed organoids were rinsed twice and stored in PBS at 4°C until staining. Organoids
were blocked for one hour in PBS with 10% goat serum and 0.3% Triton-X 100 (Sigma) at
room temperature followed by co-incubation with Ki-67 antibody conjugated to AlexaFluor
488 (1:50, Cell Signaling #11882S) and CC3 antibody conjugated to AlexaFluor 555 (1:50,
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Cell Signaling #9604S). Organoids were washed in PBS and mounted to a slide using ProLong
Diamond Antifade Mountant with DAPI (Molecular Probes). DAPI was imaged on a custom-built
multiphoton microscope with a 40x objective (Nikon CFI APO Lambda S, 1.15 NA) using 750
nm for excitation and 440/80 nm bandpass filter for emission. AlexaFluor 488 was imaged using
965 nm for excitation and 550/100 nm filter for emission. AlexaFluor 555 was imaged using
1050 nm excitation and a 585/65 nm filter. At least three organoids were imaged per treatment
group to canvas treatment response.

We also calculated the percentage of pixels with cleaved Caspase-3 labeling across the
diameter of immunolabeled organoids. Cleaved Caspase-3-labeled pixels were measured along
the diameter of each organoid, and the diameter of each immunolabeled organoid was measured
from the center slice of the organoid. For nine organoids, the average percentage of pixels with
cleaved Caspase-3 across the organoid diameter was 27.5%, with labeling predominantly in the
periphery and the innermost portions of each organoid. For the shell-based approach, we have
chosen a more conservative percentage (20%) to limit rejection of viable cells.

2.3. Selective Plane Illlumination Microscopy

Imaging was performed using a custom-built multi-directional SPIM based on a previous design
[34] [Fig. 1(d)]. A total of 238 organoids were imaged, with a range of 39-60 organoids for
each treatment condition. Illumination of NAD(P)H and FAD was performed using a fiber-
coupled laser engine (Toptica MLE, Toptica) at 405 nm and 488 nm, respectively. A 440/80 nm
emission filter and 550/100 nm emission filter was used to collect NAD(P)H and FAD emission,
respectively. Two 10X water dipping objectives (UMPLFLN10XW, Olympus) were used to
illuminate the sample in two opposing directions to increase imaging coverage. One 20X water
dipping objective (UMPLFLN20XW) is used for fluorescence detection. An sCMOS camera
(Andor Zyla 4.2 PLUS, Andor) was used to acquire images at 2048 x 2048-pixel resolution at
100 frames per second. The light sheet was formed statically using standard Gaussian optics and
a cylindrical lens with a waist thickness of roughly 6 um. Illumination laser power was measured
to be ~5.5 mW at the back focal plane of the illumination objective. A heated water bath was
used during imaging for temperature control. Volumetric imaging of NAD(P)H and FAD was
performed sequentially, with a ~5 s average acquisition time in each channel. The diameter of
organoids ranged between 100-300 um with a voxel size of 0.325 um in x and y, and 2 um in z.

2.4. 2-D intensity thresholding organoid volumes

A custom-built intensity thresholding algorithm was developed in MATLAB and used to analyze
the FAD and NAD(P)H intensities at each optical slice. A three-dimensional median filter was
performed with a kernel size of 3 ym x 1 pm x9 um, then the mean background value was
subtracted from the volume. All pixels less than the mean background value were set equal to 0.
Then the image was thresholded for all pixels greater than the mean background value plus 1.
All 3-D regions less than 103 pixels were removed using standard mathematical morphology
approaches (bwareaopen, MATLAB). All holes within the segmented organoid were filled (imfill,
MATLAB), then a 3-D Gaussian filter was applied to smooth boundaries. The mask was applied
to the NAD(P)H volume, the FAD volume, and the redox volume and the mean was calculated
on a per slice basis.

2.5. Shell-based quantification algorithm

We developed a shell-based quantification algorithm to quantify treatment response in organoids
as a function of radial distance from the organoid outer surface. This algorithm first performs
3-D segmentation of organoids within each SPIM volume using fuzzy C-means clustering and
shape-based analysis (sphericity and size) to select for organoids and exclude cell-debris. Each
SPIM volume contains between 3 and 15 organoids. The shell-based segmentation seeks to
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create hollow 3-D surfaces (shells) with decreasing volume to quantify the pixel values in each
shell. The shell analysis algorithm begins with a non-spherical, 3-D logical mask of the original
organoid. The shells are created through an iterative process where this mask is eroded by a set
number of pixels and then subtracted from the mask of the previous iteration. This yields shells
that conform to the non-spherical morphology of the organoid. We used a spherical structure
element (‘strel’, MATLAB) for the erosion operation because it uniformly removed the desired
number of pixels from the original non-spherical mask. Other 3-D structure elements (cube,
cuboid) caused artifacts in which the shells had discontinuous regions. The shell-based algorithm
permits quantification of NAD(P)H, FAD, and optical redox ratio as a function of radial distance
from the organoid surface while rejecting the influence of the necrotic core and outermost cells
of organoids. Additionally, segmentation of each organoid permits morphological analysis of the
volume.

2.6. Sphericity calculation

Sphericity of organoids was calculated with the following equation:

77% (6Vorg)%
B Aorg

where V,,,and A, are the measured volume and surface area of the organoid, respectively. A
value that approaches 1 is more spherical, while a value that approaches 0 is less spherical.

2.7. Redox ratio and diameter measurements with multiphoton and brightfield imaging

SPIM measurements were confirmed using multiphoton imaging and brightfield microscopy. A
custom-built multiphoton microscope equipped with a 40X water immersion objective (Nikon
CFI APO Lambda S, 1.15 NA) was used to acquire NAD(P)H and FAD fluorescence. NAD(P)H
fluorescence was captured using a 440/80 nm filter cube, and FAD fluorescence was captured
using a 550/100 nm filter cube. At least 11 total fields-of-view were acquired over 3 separate
imaging days for each treatment group. Treatments were given to patient-derived colorectal
cancer organoids as described earlier, with organoids cultured in 35-mm round coverslips for
multiphoton imaging. After 48 hours, organoids were imaged using both multiphoton and
brightfield microscopy for fluorescence and diameter measurements, respectively.

3. Results
3.1.  SPIM redox imaging of patient-derived colorectal cancer organoids

Patient-derived organoids were grown from single cell suspensions and cultured in modified FEP
tubes. SPIM redox imaging was performed with organoids treated for 48 hours with standard
colorectal cancer treatments [35], including 10 uM 5-fluorouracil (5-FU), 40 uM Oxaliplatin, and
a combination of 5-FU and oxaliplatin. A representative maximum intensity projection of one
organoid volume treated with 5-FU is shown in Fig. 2(a). A supplemental movie (Visualization
1) showing the complete organoid volume in Fig. 2 has been included. The large organoid
in Fig. 2(a) displays a prominent core with a bright FAD signal in the center of the organoid
(red arrow). Critically, this volume was acquired in less than 10 seconds without contrast from
exogenous labels. While not a universal feature of all organoids, each organoid shown in Fig. 2
features cells around the exterior with high FAD fluorescence [Figs. 2(b)-2(d), orange boxes].
The 2-D images of the smaller organoids taken at increasing z-depth display nuclear outlines of
cells [Figs. 2(b)-2(d)].
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Fig. 2. Representative images of colorectal cancer organoids acquired with SPIM. The
contrast from NAD(P)H and FAD is shown in magenta and blue, respectively. (a) Maximum
intensity projection of three organoids. (b-d) Selected optical slices of each organoid cropped
from the maximum intensity projection in (a). Yellow arrows show the location of each
organoid in the maximum intensity projection in (a). Orange boxes cells around the exterior
of organoids with high FAD fluorescence.

3.2.  Per-slice analysis of organoid fluorescence

A custom-built intensity thresholding algorithm was used to analyze NAD(P)H and FAD
intensities at each optical slice (see Methods, Section 2.4). A representative organoid, treated
with 10 uM 5-FU, was analyzed with this 2-D approach (Fig. 3). We found three regions, outlined
in the plot by red boxes, that illustrate three distinct intensity profiles within the organoid. High
fluorescence intensities from both NAD(P)H and FAD correspond to brighter regions in the
center of the organoid, or regions lining the periphery of the organoid. These brighter regions
also correspond to lower redox ratios, which have previously been reflective of a response to
treatment [13,32].

3.3. Immunofluorescence of organoids

To better understand the spatial distribution of responsive and non-responsive cells in an organoids,
the presence of apoptotic and proliferative regions was investigated using immunofluorescence of
Ki-67, cleaved caspase 3 (CC3), and DAPI (Fig. 4). Figure 4 shows representative images acquired
through the center of each organoid using multiphoton microscopy and immunofluorescence
staining of the same patient-derived colorectal cancer organoid line imaged with SPIM. Z-stacks
were acquired for each field-of-view to determine uniform labeling throughout each organoid.
The untreated [Fig. 4(a)] and 5-FU-treated [Fig. 4(b)] organoids showed minimal CC3 expression
(apoptosis) and high expression of Ki-67 (proliferation) throughout.

Conversely, oxaliplatin [Fig. 4(c)] and combination-treated [Fig. 4(d)] organoids displayed
significant CC3 expression and less Ki-67 expression, indicating increased apoptosis and less
proliferation compared to untreated and 5-FU-treated organoids. Perhaps most interesting is the
organization of cellular layers within the combination-treated organoids. Apoptotic cells surround
the periphery and comprise the inner core of the organoid. A transition zone of proliferating cells
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Fig. 3. 2-D analysis of organoid volumes using intensity thresholding. The intensity of
NAD(P)H (blue) and FAD (green) were normalized to the maximum intensity across all
optical slices. The occupied area of each mask as a function of slice number is shown on the
right Y-axis. The maximum intensity projection for a range of optical slices is shown above
the plot, with corresponding intensities and mask areas demarcated by red boxes.

is located between these two apoptotic layers. Given these distinct cell locations, we developed
methods to quantify treatment response with radial distance from the organoid outer surface.

3.4. Shell-based 3-D segmentation of organoid volumes

A shell-based 3-D analysis was developed to better isolate treatment response from proliferative
cells while ignoring fluorescence from apoptotic cells. Figure 5 uses a representative organoid
treated with 5-FU to illustrate the quantitative output by the 3-D segmentation algorithm. The
purpose of the 3-D analysis is to create 3-D shells with decreasing volume and quantify the
fluorescence intensities in each shell. A non-spherical, 3-D logical mask is initially created from
the shape of the organoid as an outer mold. A spherical structure element is then subtracted
iteratively from the logical mask, each time yielding a hollow 3-D shell that permits quantification
of NAD(P)H, FAD, and the optical redox ratio. Figure 5(a) shows a maximum intensity projection
of a representative organoid treated with 10 pM 5-FU. Contrast from NAD(P)H and FAD is
displayed in magenta and blue, respectively. A high intensity inner core region is shown where
FAD fluorescence predominates. Figure 5(b) illustrates a model of an organoid, with shells
marked with different colors to show how shells are demarcated. A red arrow is used to indicate
the core region in Fig. 5(a) represented in the model organoid of Fig. 5(b). For clarity, shells have
been converted to the distance, in microns, from the outermost shell. Figures 5(c)-5(d) show the
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Fig. 4. Immunofluorescence of patient-derived colorectal cancer organoids with either
(a) no treatment, (b) 5-FU, (c) oxaliplatin, or (d) combination treatments. Images were
acquired through the center of each organoid volume. Blue: DAPI, green: Ki-67, red:
cleaved-caspase 3.

NAD(P)H intensity, FAD intensity, and optical redox ratio as a function of outer edge distance
for the organoid shown in Fig. 5(a). Three regions are highlighted as boxes in Figs. 5(c)-5(d),
denoting the outermost shell (black), proliferative zone (gray), and the inner core region (red).
3-D illustrations of each shell region are shown above their respective boxes. The innermost
region, corresponding primarily to the core region [36], includes cells with the highest standard
deviation in NAD(P)H intensity, FAD intensity, and optical redox ratio. Critically, as the shell
segmentation approaches the innermost core region, the FAD intensity increases relative to the
NAD(P)H intensity, driving the redox ratio lower.

3.5. Redox ratio trends across treatments

To investigate general trends in the redox ratio following treatment we compared the redox ratio
results for the first 75 um (i.e. 100 shells) across all organoids in each treatment category. The
first 100 shells were chosen to compare treatments across at least 10 organoids. Figure 6(a)
displays a heatmap of the difference between the median redox ratio across all organoids for
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Fig. 5. Shell-based analysis overview. (a) Representative maximum intensity image of a
colorectal organoid with a prominent core region (arrow). (b) 3-D spherical model for shell
analysis. (¢) NAD(P)H (blue) and FAD (green) intensity plots as a function of shell number.
Note that an outer edge distance of O um corresponds to the outermost shell, with increasing
outer edge distance corresponding to decreasing distance from the innermost shell. Each
colored box (black, gray, or red) corresponds to either the outer, inner, or core regions of
the organoid, respectively. A 3-D rendering of each region is shown above their respective
colored box. (d) The optical redox ratio as a function of shell number. Shaded regions in
each plot are standard deviations of intensity or redox ratio at each outer edge distance.
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that distance from the outermost shell versus the median redox ratio across all untreated control
organoids for that distance from the outermost shell. A cutoff point of 75 um (or 100 shells) was
used to ensure a high number of organoids were included in the statistical calculation of the redox
ratio at each outer edge distance.
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Fig. 6. Response across all treatments as a function of shell number. (a) Heatmap of the
difference between the median redox ratio across all organoids for each treatment versus the
median redox ratio of the control organoids as a function of shell number. Blue represents a
decrease in redox ratio relative to control. (b-d) Individual comparisons between treatment
and control of the median redox ratio across all organoids treated with 5-FU, Oxaliplatin,
and combination, respectively. Shaded regions represent 95% CI at each shell number.

Notably, all treatments were at least marginally effective in lowering the redox ratio, with
significant decreases shown in darker shades of blue. 5-FU displayed the least reduction in
redox ratio for the first 75 um, corresponding to a marginal treatment response. Conversely,
Oxaliplatin and combination-treated organoids displayed a decreased redox ratio compared to
control across the entire distance from the outermost layer. The combination therapy displayed
the most reduction in the redox ratio throughout all shells, consistent with the expected treatment
response. Figures 6(b)-6(d) plots the response for each treatment as a function of median redox
ratio compared to control. The solid black line represents the number of organoids used in
calculating the median redox ratio at that distance from the outer edge.

Consistent with Fig. 6(a), 5-FU displays a similar redox ratio to untreated as outer edge distance
increases [Fig. 6(b)], Oxaliplatin shows a higher response than 5-FU [Fig. 6(c)], and organoids
treated with combination therapy display the most reduction in redox ratio compared to control.

3.6. Cumulative fluorescence and morphologic treatment response from organoids

Next, we plotted the redox ratio across all organoids while attempting to exclude regions that
can contain significant apoptotic cell populations (i.e. the first 10% and last 10% of shells).
The shell-based approach also permits 3-D morphologic assessment of organoids, which was
used to compare volumes and sphericity across organoids after treatment. Violin plots were
used to show variance within treatment groups with the black line indicating the median value.
Sphericity was calculated using the surface area and volume measurements for each organoid (see
Methods). The redox ratio results [Fig. 7(a)] indicate significant reductions for each treatment
compared to control, especially for the Oxaliplatin and combination therapies. Figure 7(b) shows
the average volume across organoids separated by treatment. There was high variation between
treatment groups, with the highest variation in volume from combination-treated organoids. No
significant difference in volume was measured. Conversely, significant differences in sphericity
were identified in the Oxaliplatin and combination therapies [Fig. 7(c)].
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Fig. 7. Quantitative image analysis of colorectal cancer organoid treatment response
measured using SPIM volumes. (a) Violin plots showing the optical redox ratio of organoid
SPIM volumes analyzed with a shell-based algorithm approach and normalized to the
maximum redox ratio within a treatment group. The normalized redox ratio is calculated by
normalizing the redox ratio of each organoid to the average redox ratio for control organoids.
The first 10% and last 10% of shells were ignored to mitigate potential influence from the
outermost and innermost shell regions that typically contain apoptotic cells. (b) Organoid
volumes normalized to the average volume within a treatment group. (c) Sphericity of
organoids calculated using the measured volume and surface area of each organoid within a
treatment group. *p<0.05, **p<0.005, ***p<0.001; black lines are the median value.

We also investigated whether a correlation existed between the organoid diameter and the redox
ratio but found no correlation both within treatment groups and across all organoids (Fig. 8).

(a) (b) (c)
Untreated 5-FU (F) Oxaliplatin (O)
1009 o r=0.30 1054 r=0.12 1.00 r=0.19
_ '. ws . p<0.05 p=047 p=0.20
o g o 2 1.00- o 8
= & 095 A Wl 3 T = g = £ 0959
T .... °® Te-~-g2_ ? &3 S5 Ciliiaiaememmm
3= . . X095 _a = R et
k-] oo TE o TR T se--- ®a
& <z( 0.90 R & <z( 0.904 & g 0.90+
0.85 T T T T 1 . T T T T T T T T T 1
o 100 200 300 400 500 o 100 200 300 400 500 ) 100 200 300 400 500
Diameter (pm) Diameter (nm) Diameter (pm)
F+0 NaCN All Organoids
(d) () (f) r=014
100 r=0.06 1057 r=031 1057 p<0.05
_ p=069  _ Ve P<0.05 100 & s.8%° A
g Qo g Qo sl . 23 ;:;’ % SR I
8L | ctele-iiopmeesanmmn- 5 < D¢ EE TS * & < 0.951 el 0 ez *
E € T . e Y - Fo-geSe ol
x 7 0.90 x o 0.95- s oo ® -~ 5 & by PR .
S5 S5 AN B 5 090 *%ege I ‘w
&g 2 . 2 < -, . D
Z o085 Z 0.90 ¢ . 2 s *
0.801 T T T T 1 . T T T T O T T T T 1
0 100 200 300 400 500 [ 100 200 300 400 500 0 100 200 300 400 500
Diameter (um) Diameter (um) Diameter (um)
Fig. 8. Linear regression of organoid diameter and redox ratio. (a-e) Plots with all organoids
from each treatment group. (f) Regression analysis of all organoids together.
3.7. Validation of SPIM redox imaging with multiphoton and brightfield microscopy

The fluorescence and diameter measurements were validated by imaging organoids treated
with the same conditions as the SPIM experiments but imaged using well-studied multiphoton
and brightfield microscopes [25,37]. Figure 9(a) shows redox ratio results from multiphoton
microscopy averaged across all organoids per treatment and normalized to untreated organoids.
A significant decrease in redox ratio was shown for Oxaliplatin and combination (5-FU and
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Oxaliplatin), consistent with SPIM measurements. Using brightfield microscopy, no change
in diameter was measured between treatment groups after 48 hours [Fig. 9(b)], consistent with
volumetric measurements acquired using SPIM.
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Fig. 9. Validation measurements of SPIM redox imaging. (a) Mulitphoton imaging
of patient-derived colorectal cancer organoids. (b) 2-D diameter measurements of CRC
organoids acquired with brightfield microscopy. (c) SPIM imaging of CRC organoids treated
with 10-mM NaCN.

Previous optical metabolic imaging studies used cyanide as a positive control to assess
sensitivity to metabolic perturbations. Therefore, this treatment was repeated on the SPIM
system as a secondary control. Untreated organoids were given media supplemented with 10-mM
NaCN to determine whether organoids will respond to NaCN as described previously [9,38].
Predictably, organoids showed a statistically significant increase in redox ratio relative to control
after 45 minutes of NaCN treatment [Fig. 9(c)].

4. Discussion

To our knowledge, this is the first time SPIM has been used to image live organoid cultures without
labels. Previous work with organoid cultures has involved the addition of exogenous labels or
the use of label-free multiphoton microscopy [4,15,39]. Label-free multiphoton microscopy
has shown promise in discriminating treatment response patient-derived organoid cultures,
including colorectal cancer organoids [14,36]. In this study, drug response was discriminated in
patient-derived colorectal cancer organoids using label-free SPIM. Drug response was assessed
by measuring the redox ratio using fluorescence from the metabolic co-enzymes NAD(P)H and
FAD on a per-organoid level (Fig. 2).

The described label-free SPIM approach offered a substantial improvement over existing
high content, or information-rich technologies. High content methods for measuring treatment
response in organoids, such as RNAseq or immunofluorescence, are inherently destructive and
lack the ability to measure the organoids in real time [40,41]. Conversely, label-free SPIM
permitted rapid imaging at a rate of ~0.2 s/organoids and offered a non-destructive platform
to measure fluorescence. Fluorescence from NAD(P)H and FAD provided contrast based
on the amount of electron donors and acceptors within cells or organoids, which allows the
quantification of metabolic shifts due to treatment response. Morphologic features, including
volume and surface area, were also measured and used to calculate the sphericity of each organoid.
The change in redox ratio and sphericity versus control were in agreement [Figs. 7(a) and
7(c)], suggesting that a combined metric calculated from both variables may provide improved
discrimination of treatment response. Additionally, the reduced sphericity of organoids could
also be due to subpopulations of resistant cells. Further optimization of our imaging approach
may discriminate individual cells across whole volumes, providing both organoid level and single
cell level interrogation of drug resistance.
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Label-free SPIM performed in this study also highlights improvements over other high-
throughput assessment technologies. Standard non-imaging plate readers can assess treatment-
induced changes in redox ratio in cell monolayers, but no studies have measured the redox ratio
in unlabeled patient-derived organoids [39,42]. In addition, plate readers lack spatial information,
which prevents the assessment of inter- and intra-organoid heterogeneity. Brightfield microscopy
can be used to rapidly assess organoids, and response is widely determined through measurements
of organoid diameter performed by hand, which can introduce bias and interobserver disagreement.
Brightfield also captures a 2-D projection of the organoid, ignoring the 3-D nature of organoids.
SPIM is a marked improvement over brightfield as it captures the entire 3-D volume of organoids,
limiting measurement bias and interobserver disagreement. Epifluorescence is an alternative
technology that can readily image NAD(P)H and FAD fluorescence, but again only in a 2-D
projection that lacks the full 3-D information of the organoid. However, both plate readers and
standard microscopy approaches use standard culture dishes and data can be collected without
significant attention paid to data storage. SPIM volumes require substantial data storage, with
each set of NAD(P)H and FAD volumes averaging 4-5 GB in size. Thus, drug screening platforms
featuring SPIM must also include appropriate storage and data parsing support.

After investigating the distribution of proliferative and apoptotic cells in organoids post-
treatment (Fig. 4), a custom-made 3-D shell segmentation algorithm was developed to better
model and quantify each organoid. While traditional approaches the organoid as a single region
or made up of optical, the shell-based approach offered an opportunity to limit the inclusion of
the dense core region and outer debris seen in highly treatment-responsive organoids (Fig. 5). In
general, this approach highlights changes in fluorescence and redox ratio relative to the outer edge
of each organoid. This enabled parsing the overall trends of the redox ratio in separate treatment
groups as distance from the outer edge increased toward the inner core region (Fig. 6). Importantly,
for small distances from the outer edge, the redox ratio tended toward larger differences between
control, while the opposite was true for distances further from the outer edge except for the
combination treatment. While Fig. 6 shows only distances up to 75 um from the outer edge to
plot as many organoids as possible, the redox ratio was measured for the largest organoids (up to
225 um) with similar trends. This approach opens the door for more resolved treatment response
across organoid volumes, and better interrogation of treatment-resistant cell niches that may be
present in a patient’s tumor and result in disease recurrence.

Successful 3-D imaging of patient-derived organoids in the custom-built SPIM system also
required adapting the standard organoid culturing preparation [7,36]. To appropriately culture,
treat, and image the colorectal cancer organoids over multiple weeks, organoids were cultured
within FEP tubes with part of the tube cut away to expose the organoids to feeding media
[Figs. 1(a) and 1(b)]. Techniques based on oblique light sheets such as oblique plane microscopy
would enable imaging organoids within standard culture dishes [34,43], which would allow
for longitudinal measurements to assess time-dependent changes in redox ratio and organoid
morphology due to treatment.

Our results agreed with established methods of determining treatment response (i.e. multipho-
ton redox ratio imaging and brightfield diameter measurements), with the multiphoton results
showing larger relative differences between treatment groups. It’s likely these differences stem
from the improved signal-to-noise ratio and higher quantum efficiencies from photomultiplier
tubes used in the multiphoton system [26,36]. An additional consideration is the depth penetration
of the light sheet compared to the high out-of-focus rejection using a multiphoton approach.
High scattering effects in larger organoids present a challenging obstacle for widefield detection
schemes. We performed a preliminary calculation of the attenuation using values for the scattering
and absorption coefficients of skin and water, respectively (data not shown). As expected, higher
attenuation occurs at the emission wavelengths for NAD(P)H than for FAD. It is likely that this
effect is small in organoids with shell-based analysis, as no relationship between the redox ratio
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and organoid diameter was found (Fig. 8). However, a two-sided detection scheme would provide
a hardware solution to mitigate wavelength-dependent attenuation effects.

As precision oncology continues to progress, better drug screening is required to enable more
personalized cancer therapies. Organoid cultures have offered a powerful tool toward personalized
treatments, but methods of discriminating treatment response are often sample-destructive or
low-throughput. In this study, we determined treatment response in patient-derived organoids
using label-free SPIM. These preliminary results show the potential for label-free fluorescence
imaging of treatment response across entire volumes of patient-derived organoids, which could
enable new 3-D high-throughput drug screens of clinical samples. This work also presents a
novel 3-D shell-based approach to quantify morphological and functional readouts of treatment
response. SPIM combined with this quantification approach enabled comparisons based on
fluorescence, volume, and sphericity, opening the door for more holistic personalized drug
screens without sacrificing information content or imaging speed. Altogether, label-free SPIM
provides a promising high-throughput and high-content platform to improve organoid-based drug
screens for personalized oncology.
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